ABSTRACT Objective: To assess the scientific evidence that rapid maxillary expansion (RME) causes Adverse Effects on the midpalatal suture, vertical dimension, dental and periodontal structures in growing subjects. Materials and Methods: Electronic databases were searched for articles dated through December 2011. The quality of the studies was ranked on a 13-point scale in which 1 was the low end of the scale and 13 was the high end. Results: Thirty relevant articles were identified. The amount of midpalatal suture opening ranged from 1.6 to 4.3 mm in the anterior region and from 1.2 to 4.4 mm in the posterior region. At the end of the active phase, RME resulted in slight inferior movement of the maxilla (SN-PNS +0.9 mm; SN-ANS +1.6 mm), increased tipping of anchored teeth from 3.4u to 9.2u, and bending of the alveolar bone from 5.1u to 11.3u. In the long term, RME did not modify the facial growth patterns, and no significant changes on dentoalveolar structures were observed. Of the 30 studies, 2 were medium-high quality, 8 were medium quality, and 20 were low quality. Conclusions: RME always opened the midpalatal suture in growing subjects. The vertical changes were small and transitory. In the long-term evaluation, an uprighting of anchored teeth was observed and periodontal structures were not compromised. (Angle Orthod. 0000;00:000-000.)
INTRODUCTION
Rapid maxillary expansion (RME) is a common orthopedic procedure indicated for the treatment of maxillary transverse deficiency. The orthopedic expansion occurs in growing subjects with immature skeletal development when the force applied to the teeth and the maxilla exceeds the limits needed for tooth movement. 1 The applied force causes widening and gradual opening of the midpalatal suture, compression of the periodontal ligament, bending of the alveolar processes, and dental tipping. 2, 3 Although RME has been recognized as a safe and reliable orthopedic procedure that allows correction of the maxillary transverse deficiency in growing patients, some investigations [4] [5] [6] [7] [8] [9] [10] have focused on the unwanted consequences of heavy forces on sutures, periodontal alveolar bone, and dental structures identified as ''Adverse Effects'' (AEs). Moreover, other authors 11, 12 have reported that RME with conventional appliances promotes the anterior and inferior displacement of the maxilla with a consequent posterior-inferior rotation of the mandible.
The present systematic review was undertaken to answer the following questions on RME in growing subjects: Is RME always effective in opening the midpalatal suture? Does RME increase the vertical skeletal dimension? Does RME produce detrimental effects on dental and periodontal structures?
MATERIALS AND METHODS
The PubMed, Embase, Cochrane Central Register of Controlled Clinical Trials, Web of Knowledge, Ovid, and Scopus databases were searched, and hand research using other sources, such as orthodontic books, was conducted for studies dated through December 2011 in order to identify articles reporting a Postdoctoral Student, Department of Orthodontics, University of Rome, Rome, Italy.
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possible AEs of RME on dentoalveolar and skeletal structures in growing subjects. The search strategy used in this review is shown in Table 1 .
Based on data from the titles and abstracts of the retrieved studies, two investigators selected articles that met the following inclusion criteria: -Studies on human growing subjects (maximum chronological age of 17 years), published in English, Italian, French, or German; -Studies on orthopedic maxillary expansion; -Studies that included clear descriptions of the materials and technique applied; -Prospective and retrospective original studies with a minimum of 10 subjects in the study sample.
The exclusion criteria were studies with orthodontic and surgical techniques, case reports, reviews, abstracts, author debates, summary articles, and studies on animals or adults. The reference lists of these articles were perused, and references related to the articles were followed up. If there was disagreement between the investigators, inclusion of the study was confirmed by mutual agreement.
From the identified articles, the investigators independently extracted data referring to the year of publication, type of study, sample size, chronological age of subjects at the start of treatment, type of appliance, rate of activation, amount of expansion, duration of retention, and success rate (Table 2) .
According to the Centre for Reviews and Dissemination and to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement, evaluation of methodological quality gives an indication of the strength of evidence provided by the study because flaws in the design or conduct of a study can result in bias. However, no single approach for assessing methodological soundness is appropriate to all systematic reviews. 13, 14 Quality assessment, performed independently by the investigators, comprised evaluation of the sample selection process, sample size estimation, adequacy of outcome measures, adequacy of method error estimation, and adequacy of statistical analysis. If there was disagreement between the investigators, consensus was reached after discussion. The quality of the studies was ranked on a 13-point scale and assessed as follows: high quality, a total score of 12 or 13 points; medium-high quality, a total score of 10 or 11 points; medium quality, a total score of 8 or 9 points; and low quality, a total score equal to or below 7 points.
Statistical Analysis
A meta-analysis of the results of the studies that used comparable techniques of maxillary expansion was planned. Heterogeneity of the studies was assessed first by calculating the I 2 index. According to the recommendation of the Cochrane Collaboration, if heterogeneity is high (I 2 . 75%), a meta-analysis might produce misleading results, and omitting it from a systematic review should be considered. 13, 14 
RESULTS
A search using the U.S. National Library of Medicine's MeSH (medical subject headings) terms yielded the following results: PubMed yielded 146 publications; Embase, 546 publications; Cochrane Central, 92 publications; ISI Web Knowledge, 617 publications; and Ovid, 423 publications; Scopus, 685 publications. In addition, 173 records were identified through hand research. There was overlap among the databases. Application of the inclusion and exclusion criteria and follow-up on the referred studies identified 30 relevant publications (Figure 1 ). [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Heterogeneity of the results of the investigations with similar technique of maxillary expansion was high (.85%). A meta-analysis was not performed for this reason. Twenty-one studies 3, 4, 6, 8, 9, 15, [18] [19] [20] [22] [23] [24] [25] [26] [28] [29] [30] [31] [32] [33] [34] were retrospective, five studies 7, 11, 12, 16, 17 were prospective, and four studies 5, 10, 21, 27 were prospective and randomized. Six studies 10, 18, [22] [23] [24] 33 compared the results with a control group of the same age, and eight studies 4, 6, 10, 12, 22, [32] [33] [34] analyzed the long-term effects of RME. Only two studies 10, 17 specified that the subjects of the study groups were selected consecutively. Mean age at the start of orthopedic expansion in the evaluated samples ranged from 7 to 17 years. Overall, in 24 studies 3, [4] [5] [6] [7] [9] [10] [11] [15] [16] [17] [18] [19] 21, 22, [24] [25] [26] [27] [30] [31] [32] [33] [34] the sample comprised teenagers; in six studies, 8, 12, 20, 23, 28, 29 the sample was younger than 10 years (mean age, 8.6 years). The devices applied were bonded with acrylic coverage on the occlusal surface of posterior upper teeth or banded with the 2 or 4 anchored tooth (Hyrax or Haas type maxillary expanders). The methods used to detect the treatment effects were different: two studies 3, 5 used the dental casts before and after treatment, 11 studies 9, 11, 12, 21, 23, [25] [26] [27] [28] [29] 31 used bidimensional radiographic techniques, 10 studies 4, [6] [7] [8] 10, [15] [16] [17] [18] 20 used tridimensional radiographic techniques, 5 studies 22, 24, 30, 32, 34 used histological evaluation, and 2 Rapid maxillary expansion 4.
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1 AND 8 a NR indicates not reported; F, females; M, males; RME, rapid maxillary expansion; SME, slow maxillary expansion; QH, Quadhelix. 19, 33 used other methods, such as probe and intraoral measure of pulpal blood flow. RME was used to treat transverse maxillary deficiency, and the device was maintained in situ as a passive retainer for a minimum of 3 months and a maximum of 18 months. The screw was activated twice a day in 25 studies, [3] [4] [5] [6] [7] [9] [10] [11] [12] 15, 17, 18, 20, 21, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] once a day in 1 study, 19 and more than twice a day in 4 studies. 8, 16, 22, 23 All the included studies used a clinical evaluation, such as molar contact or overcorrection of 2-3 mm, to assess the required expansion. Only three investigations 4, 6, 17 reported that the required expansion corresponded to a precise amount of screw expansion of 7 mm 4,6 and 8 mm. 17 The effects of RME are shown in Table 3 .
Quality Analysis
Research quality or methodological soundness was medium-high in 2 studies 10,17 (6.7%), medium in 8 studies 4-7,12,16,18,20 (26.7%) , and low in 20 studies 3 , 8 , 9 , 1 1 , 1 5 , 1 9 , 2 1 -3 4 (66.7%). Twenty-one studies 3, 4, 6, 8, 9, 15, [18] [19] [20] [22] [23] [24] [25] [26] [28] [29] [30] [31] [32] [33] [34] were retrospective, five studies were prospective, 7, 10, 11, 16, 17 and only four studies 5, 10, 21, 27 were prospective and randomized. Withdrawals (dropouts) were declared in only one study. 19 The most recurrent shortcomings were small sample size with no consecutive cases, except for two studies, 10,17 implying low power, problems of bias and confounding variables, lack of method error analysis, blinding in measurements, and deficiency or lack of statistical ADVERSE EFFECTS OF RME (Table 4) .
DISCUSSION
The aim of the present systematic review was to assess whether RME causes AEs on dentoskeletal structures in growing subjects. With respect to previous reviews 35, 36 on RME, all studies that used computed tomography, which provides a more accurate threedimensional assessment of changes induced by orthopedic forces, were searched and perused.
This systematic review included both retrospective and prospective studies, of which only four 5, 10, 21, 27 were randomized. The methodology of these investigations was generally of low and medium quality (Table 4) ; therefore, the findings should be interpreted with caution. A very serious limitation of most studies was the lack of an adequate untreated control group.
The analysis of the 30 articles [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] included in the present review suggests that RME is an effective procedure that always produces transverse skeletal effects on the maxilla by opening the midpalatal suture in growing subjects, regardless of the type of palatal expander. Results showed that RME treatment was able to induce significantly more favorable skeletal changes in the transverse plane when it was initiated before the pubertal peak in skeletal growth. 6, 8, 16, 17, 20, 29, 37 Indeed, the studies that reported a wider opening of midpalatal suture were those 20, 29 in which the study sample was younger, thereby confirming the role of treatment timing in the determination of skeletal modifications following RME therapy. In all studies the amounts of midpalatal suture opening were greater in the anterior region than the posterior region, except in the study by Christie et al., 20 who found a parallel manner of midpalatal suture opening. RME treatment has been associated with downward movement of the maxillary posterior teeth and the maxilla.
1-3,9,11 As reported by several articles included in the present review, 9-12,23,25-28,31 RME resulted in slight inferior movement of the maxilla, as demonstrated by changes in the measurements SN-PNS (+0.9 mm) and SN-ANS (+1.6 mm). Several authors [9] [10] [11] [12] 23, [25] [26] [27] [28] 31 pointed out that this downward movement of the maxilla and premature dental contacts are responsible for the mandible rotation in a downward and backward direction with a mean increase in the following variables: SN-MP, 1.7u; PP-MP, 1.5u; SN-PP, 1.6u; SN-GoGn, 1.1u. [9] [10] [11] [12] 23, [25] [26] [27] [28] 31 Changes in vertical dimension before and after treatment with RME were less than 2 mm or 2u, and they may be not considered clinically relevant. 38 In the short-term evaluation the only variable with a greater increase was the total anterior facial height (N-Me: 3.2 mm), which could be the transitory result of occlusal interferences. 9, 12, 23, 26 Though the maxilla was displaced downward, the facial growth patterns and/or the direction of mandibular growth were not modified 6 months after RME appliance removal, as observed in the only two longterm studies, those of De Rossi et al. 12 and Lagravere et al. 10 These findings corroborate the results of other studies 39, 40 that also evaluated longitudinally the vertical effects associated with the RME, although in those cases RME was followed by other orthodontic therapy. 39, 40 Moreover, Lagravere et al. 10 and Cozza et al. 23 reported that, compared with an untreated control group, changes in vertical dimension were negligible. 10, 23 The bonded RME showed less inferior Resorption areas of cementun and dentin on the buccal surfaces of premolars a 1-1 indicates central incisor level; 3-3, canine level; D-D, first deciduous molar level; E-E, second deciduous molar level; 6-6, first molar level; ANS, anterior nasal spine; PNS, posterior nasal spine; SN, Sella-Nasion line; S-Go, Sella gonion; PP, palatal plane; MP, mandibular plane; LBPT, lingual bone plate thickness; BBPT, buccal bone plate thickness; 16, right first molar; 26, left first molar; PBF, pulpal blood flow. Table 3 . Continued movement of PNS with respect to the banded RME. 26, 27, 31 This might be due to the interocclusal acrylic acting as an intrusive force to the basal bone of the maxilla by violating the freeway space and causing a passive stretch of the elevator musculature. The outcomes of the retrieved studies indicated an element of vertical control using a bonded RME to counteract the AEs seen with other expansion devices. 26, 27, 31 Seven articles 3, 5, 7, 10, 17, 20, 27 showed that heavy forces produced an increased buccal inclination of anchored teeth at the end of active phase regardless of the type of expanders. 3, 5, 7, 10, 17, 20, 27 Ciambotti et al. 3 and Kilic e 0 indicates inadequate outcome measure; 1, partially adequate outcome measure; 2, adequate outcome measure using two-dimensional techniques; 3, adequate outcome measure using three-dimensional techniques or histologic evaluation. f 0 indicates method error not evaluated; 1, partially adequate method error analysis; 2, adequate method error. g 0 indicates inadequate statistical analysis; 1, adequate statistical analysis. h 0 indicates power of the study not evaluated; 1, power of the study evaluated. i The quality of the studies was ranked on an 13-point scale and assessed as follows: 12-13 points indicates high; 10-11 points, medium-high; 8-9 points, medium; 0-7 points, low. et al. 5 observed in the short term not only the dental tipping but also the effects of RME on alveolar structures; they found that the alveolar halves splayed buccally and carried the teeth with them. In growing subjects, anchored teeth and the alveolar bone are moved at the same time with the same magnitude and direction. 3, 5 The inclination of the posterior teeth in the bonded RME group appeared to be more stable for the action of the acrylic coverage. 5, 7 Lagravere et al. 10 reported that 12 months after the end of active expansion the dental tipping appeared reduced by about half because of expansion relapse. 10 Kartalian et al. 18 compared measurements made on cone-beam CT scans between patients with RME treatment and controls after a mean interval of 17.9 months. The RME group showed that the alveolus tipped buccally by 5.6u but the angulation of the dentition remained constant (20.8u) before and after treatment, probably because of postexpansion relapse of dental axial angulation. 18 Greenbaum and Zachrisson 33 demonstrated that, after a retention period of 3 months, expansion groups exhibited minimal differences in periodontal condition compared with the control group. 33 Ballanti et al., 4 by using computed tomography axial scans, reported that orthopedic forces in prepubertal subjects did not affect the alveolar bone palatal and buccal thickness after a 6-month retention period. A 6-month period was necessary to allow recovery of the alveolar plate when the movement of anchored teeth is completed. 4 Five articles evaluated histopathologically the vascular changes and root resorption of anchor extracted premolars after RME therapy. 22, 24, 30, 32, 34 Kayhan et al. 24 and Taspinar et al. 22 observed the greatest fibrotic changes in periodontal bone in the 3-month group, less in the 6-month group, and very slight in the 18-month group. These fibrotic changes may represent the result of increasing duration of excessive force application, or they may occur as a result of the start of tooth movement. 22, 24 Taspinar et al. 22 found significantly increased vessel diameter inside the pulp, which disappeared 18 months after RME. Babacan et al. 19 observed increased pulpal blood flow (PBF) during the first week of activation and PBF similar to initial values during the retention period, indicating that the vascular changes are reversible. 19 Langford, 34 Langford and Sims, 32 and Erverdi et al. 30 demonstrated that continuous heavy forces as well as relapse forces capable of causing significant root resorption operate for up to 3 months after RME.Active resorption slowed significantly after about 3 months, with an evident trend to increased filling with cellular cementum of resorptive defects. 30, 32, 34 Finally, Baysal et al. 15 performed cone beam computed tomography to assess the root volume and reported that in a study group with a mean age of 12.7 years all investigated roots showed statistically significant volume loss after RME, with no difference between anchored and non-anchored teeth. 15 The highest mean volume loss, 18.6 mm 3 , was recorded for the mesiobuccal root of the first molars, while Zachrisson 41 reported that 2-mm apical root shortening was not detrimental to the function of dentition. 15, 41 CONCLUSIONS N Most of the studies presented with methodological problems: small sample size, bias and confounding variables, lack of method error analysis, blinding in measurements, and deficient or missing statistical methods. The quality level of the studies was not sufficient enough to draw any evidence-based conclusions. N RME is an effective procedure that is able to produce always transverse skeletal effects on the maxilla by opening the midpalatal suture in growing subjects regardless of the type of palatal expander. N The vertical changes found after RME treatment, although statistically significant, were small and probably transitory. The bonded maxillary expansion appliance could be a viable option for correcting a narrow maxilla, regardless of the patient's vertical problems or facial pattern. N In growing subjects, heavy forces in the short-term evaluation moved anchored teeth and the alveolar bone at the same time and with the same magnitude and direction. In the long-term evaluation, an uprighting of anchored teeth was observed. Vascular changes after RME are reversible, and active root resorption appeared along with increased filling with cellular cementum after 3 months.
